Abstract Monolithic catalysts have been widely used in automotive, chemical, and energy relevant industries. Nanoarray-based monolithic catalysts have been developed, demonstrating high catalyst utilization efficiency and good thermal/mechanical robustness. Compared with the conventional washcoat-based monolithic catalysts, they have shown advances in precise and optimum microstructure control and feasibility in correlating materials structure with properties. Recently, the nanoarray-based monolithic catalysts have been studied for low temperature oxidation of automotive engine exhaust and exhibited interesting and promising catalytic activities. This review focuses on discussing the key structural parameters of nanoarray catalyst that affect the catalytic performance from the following aspects: (1) geometric shape and crystal planes, (2) guest atom doping and defects, (3) array size and size-assisted active species loading, and (4) the synergy effect of metal oxide in composite nanoarrays. Prior to the discussion, an overview of the current status of synthesis and development of the nanoarray-based monolithic catalysts is introduced. The performance of these materials in low temperature simulated engine exhaust oxidation is also demonstrated. We hope this review will elucidate the science and chemistry behind the good oxidation performance of the nanoarray-based monolithic catalysts and serve as a timely and useful research guide for rational design and further improvement of the nanoarray-based monolithic catalysts for automobile emission control.
Introduction
The oxidation catalyst in the aftertreatment system of vehicle engines is indispensable in controlling CO, gas phase hydrocarbons (HCs), and the organic fraction of diesel particulates [1, 2] . It is also useful in NO oxidation for facilitating passive diesel particulate filter (DPF) regenerations as well as promoting the selective catalytic reduction (SCR) and NO x storage and reduction (NSR) processes [3] [4] [5] . New fuel economy standards and increasingly stringent emission requirements are challenging automotive manufacturers to produce more fuel-efficient engines, but in many cases, the fuel efficiency improvements result in lower exhaust temperatures where conventional aftertreatment systems are not suitable [6, 7] . Traditionally, the low temperature of the exhaust during the cold start of automobiles is responsible for about half of the hydrocarbons produced in auto-exhaust [8] [9] [10] . Thus, highly efficient oxidation catalysts, especially those that are active at This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-00OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy. gov/downloads/doe-public-access-plan).
much lower exhaust temperatures (e.g., 150°C or below), are in great demand for catalytic oxidation [6, 11] .
Over the past few decades, nanoscale materials have been extensively researched and developed in terms of synthesis techniques, discovery and understanding of their properties, and their applications in energy conversion and storage [12, 13] , exhaust emission control [14, 15] , and environmental sensing and monitoring [16, 17] . Recently, we have successfully developed a new configuration of catalysts, i.e., the nanoarray-based monolithic catalysts, where hierarchical nanostructures such as nanowire arrays are integrated onto commercial cordierite honeycombs [14, 18, 19] . By using a low-cost, green, and repeatable solution based on hydrothermal processes, crystalline nanoarrays of metal oxides such as ZnO, Co 3 O 4 , TiO 2 , and CeO 2 have been directly grown onto commercial honeycomb monolithic substrates. The nanoarrays can either act as supports for loading of catalytic active materials or function as the catalysts themselves.
An important feature of monolithic nanoarrays is their welldefined geometry as compared to the randomly microstructured washcoated particulates. These geometries open up the possibility to build precise structure-property correlations for the catalysts, leading to increased performance by optimizing the catalyst structures. Compared with the conventional washcoat-based monolithic catalysts, the unique geometrical and spatial arrangements of nanoarrays can reduce catalyst usage by a factor of 10-40 while maintaining equally good catalytic oxidation performance and thermal/mechanical robustness [18] . The nanoarraybased monolithic catalysts are able to reduce the agglomeration of active sites during synthesis, improving the spatial utilization efficiency in a confined space and the interaction between the active surface of the nanoarray and the gas streams during catalytic oxidation. Other advantageous features of these nanoscale architectural assemblies including metal-support interaction at the interface [20] [21] [22] , fast electron transfer [21, 23] , and high surface area [18, 24, 25] are also worthy of further exploration and utilization.
With the above-mentioned advantages, the nanoarraybased monolithic catalysts have demonstrated interesting and promising activities in diesel oxidation. So far, we have developed and evaluated different types of nanoarray-based monolithic catalysts for low temperature diesel oxidation. The performance of nanoarray-integrated catalysts is intimately correlated with a variety of factors such as geometry of the nanoarchitecture and composition and dimensions of the nanostructure. In this review, we summarize the current status of synthesis and development of the nanoarray-based monolithic catalysts and their performance in diesel oxidation. A comprehensive overview is presented with detailed discussion focusing on explaining how the catalyst structural parameters affect the catalytic performance. Specifically, we are trying to elucidate the impact of the following factors on the catalytic activities: (1) geometric shape and crystal planes, (2) guest atom doping and defects, (3) array size and size-assisted active species loading, and (4) active species in nanoarray composite and their own oxidation chemistry. In addition, the latest development on the simulated gas testing of nanostructured automotive catalysts will be briefly discussed particularly under the clean diesel combustion exhaust condition. We hope this review can serve as a timely and useful research guide for rational design and further improvement of the nanoarraybased monolithic catalysts for automobile emission control.
Structure and Fabrication
The washcoating process is the state-of-the-art technology used to fabricate monolithic catalysts with a rough and irregular surface, high surface area, and active components [26, 27] . However, some challenges still exist with the washcoating process: (a) a significant amount of materials loading, especially the loading of noble metals, is needed, pressurizing the cost of the catalytic converters [14, 28] ; (b) the activities of the as-made catalysts are compromised by the low material utilization efficiency (See Table S6 of [18] ); (c) the less than well-defined structural arrangement of the washcoated materials generates difficulties in understanding and rationally modifying the catalyst structures for improving catalytic performance [28] .
In the past few years, we have successfully developed a novel and distinct strategy of integrating functional nanostructures onto the channel walls of monolithic substrates. A series of solution-based methods have been developed to grow in situ various types of nanostructured arrays such as nanorods, nanowires, and nanotubes onto the walls of monoliths. This design has, so far, demonstrated improvements to some of the existing problems in the traditional washcoating technology. Compared to the washcoated monolithic materials, the in situ assembled nanoarray-based materials have highly uniform and well-defined array nanostructures, providing an excellent platform for anchoring active species and transferring mass during the catalytic reactions. Moreover, the nanoarray materials have demonstrated superior robustness [18] , high material utilization efficiency [18] , as well as tunable catalytic activities especially at low temperatures [28] . The following introduces some representative nanoarrays focusing on the preparation approaches and their characteristics. The rationale of selecting these materials for nanoarray synthesis as diesel oxidation catalysts or catalyst supports was summarized in Table 1 with a brief literature review on their past applications in the field of emission control.
ZnO nanoarrays
ZnO has attracted a great deal of interest in the fieldsof electrodes, photovoltaics, and piezoelectric devices due to its direct wide band gap (Eg = 3.37 eV at 27°C) [80] . ZnO has a hexagonal quartzite type crystalline structure with three dominant crystal planes, (0001), (1010), and (1120). The (0001) plane shows the lowest surface free energy, which leads to the preferential growth of nanoarrays along the (0001) orientation on both crystalline and amorphous substrates. Nanostructured ZnO nanowires and nanorods have been extensively studied and found to promote activity by the well-defined exposed facets.
Recently, we have developed a general hydrothermal process for the in situ growth of ZnO nanorod array onto 3D monolithic substrates. The major steps include (1) seeding layer deposition and (2) nanoarray growth. The seeding process is the key for synthesis of evenly distributed ZnO nanorod arrays throughout the whole channel. Thanks to the ultrasonic vibration technique for distributing the precursor and removal of the adsorbed gas bubbles on the channel walls, a uniform seeding layer could be achieved during the seeding process. As shown in Fig. 1a -e, a uniformly distributed ZnO nanorod arrays were successfully grown on the commercially available 3D multichannel honeycomb cordierite with the assistance of ultrasonic vibration.
In order to satisfy the industrial-relevant research, scale-up synthesis of the ZnO nanorod arrays has also been explored. However, limited mass transfer of the precursor to the center of the channels has resulted in nonuniform growth of the arrays along the channel. This problem continues in the batch process even with the assistance of magnetic stirring. Therefore, a hydrothermal continuous flow process has been developed [14] . This process not only transfers the precursor along the substrate channels stably and consecutively, but also confines the crystal growth only within the honeycomb substrate. The latter effectively suppresses the homogeneous nucleation, thus improving materials utilization efficiency. Temperatures in the cooling and heating steps as well as liquid flow rate are important factors that need to be well-controlled for fast and steady growth of uniform nanoarrays.
Co 3 O 4 nanoarrays
Cobalt oxide, a typical transition metal oxide with spinel structure, has been widely applied in CO and hydrocarbon oxidation. For example, Xie et al. [44] reported that Co 3 O 4 nanorods with predominantly exposed (110) planes exhibited ultra-high activity for CO oxidation at a low temperature of −77°C. Co 3 O 4 nanowire array-based catalysts were fabricated onto large commercial cordierite monolithic substrates following a lowtemperature hydrothermal process [82] . As shown in Fig. 2 , a 400-ml commercial honeycomb support was used for growth of Co 3 O 4 -based nanowire arrays. Uniform coverage of nanostructures of about 10 μm in length was achieved throughout the 5-cm-long honeycomb channels. In addition to the Co 3 O 4 -based nanowire arrays, metal doping was also applied to promote the number of surface active sites and the resulting catalytic activities [83] . The metal (e.g., Zn and Ni) doping was accomplished without compromising the array structure, and the modified monolithic catalysts exhibited superior activities in CO and CH 4 oxidation [84] .
TiO 2 nanoarrays
TiO 2 nanorods, nanowires, and nanotubes have been widely studied for efficient electron transport media in 1D and 2D geometry. Recently, in situ growth of TiO 2 nanorod arrays on the 3D cordierite monolithic substrates has been explored in our group. With a simple hydrothermal process, the aligned crystalline brookite TiO 2 nanorod arrays can be grown on the channel walls of the 3D honeycomb monolith. As reaction time proceeded, it was found that the brookite nanostructure Fig. 1 a-e Typical photograph and scanning electron microscopy (SEM) images of ZnO nanorod array grown on the cordierite monolith (diameter = 1 in., length = 1 cm, channel dimensions = 1 mm × 1 mm, channel wall thickness = 100 μm). Reproduced with permission from Ref. [81] morphology was evolved from dispersive dandelion TiO 2 nanorod clusters to vertically aligned nanorod arrays, and then fully grown on the channel walls. As shown in Fig. 3 , the as-synthesized single crystalline TiO 2 nanorod arrays are vertically and uniformly aligned on each channel wall. The thermal stability tests showed that the TiO 2 nanorod array-based monolith were stable after boiling in water for 24 h. Moreover, a high surface area of up to ∼250 m 2 · g −1 was obtained in the TiO 2 nanorod array system, which implied its potential as a good platform for loading/coating other active components.
CeO 2 nanoarrays
CeO 2 is a typical rare earth metal oxide with fluorite structured compound, which has been considered as a very important oxygen storage material. Through the reversible valence , the oxygen vacancies can be generated in reducing atmosphere and recovered in oxidation condition. Moreover, CeO 2 shows strong interaction with active metals, such as platinum (Pt) and palladium (Pd), promoting the anchoring of these active metals even at high temperatures [86] [87] [88] . This implies great potential of utilization of CeO 2 in the structured catalyst system for auto-emission control.
CeO 2 nanoparticles of various nanostructures, such as spherical, hollow, porous, and hierarchical structures, have been developed to extend their applications in different fields. The nanostructured ceria exhibited excellent reaction activities due to high surface areas, tunable pore sizes, abundant defects, and adjustable surface chemistry. Development of CeO 2 nanoarrays on the 2D substrates has been investigated and could be successfully achieved. As shown in Fig. 4i , ii, two typical array nanostructures (nanosheets and nanowires) were grown on the Cu foil via an electrochemical deposition process. However, due to the complexity of this process, it is difficult to grow uniform CeO 2 nanoarrays on the large-scale 3D substrate. Thus, we have developed another method using ZnO as a template for preparing CeO 2 nanotube arrays on the 3D monolith. The monolithic honeycomb integrated with ZnO nanorod array structure was initially fabricated. CeO 2 nanoparticles were then coated on the surface of ZnO nanorod, as shown in Fig. 4iii b, iii c. The ZnO template was thereafter removed, leading to CeO 2 nanotube arrays on the substrate (Fig. 4iii d , iii e). However, due to the polycrystalline nature of the nanotubes and their non-uniform tube wall thickness, the CeO 2 nanotube arrays synthesized by this method have shown relatively low thermal and mechanical stability. Therefore, synthesis of CeO 2 nanoarrays on the 3D monolith is still challenging and needs further improvement.
Low temperature oxidation performance
As described above, we have successfully fabricated ZnO, Co 3 O 4 , TiO 2 , and CeO 2 nanoarrays with well-defined structures and uniform distribution on monolithic substrates. In this section, we will present different types of catalysts we have developed out of the nanoarrays. One or more representative examples will be given for each type of catalyst, and the corresponding catalytic performance in important diesel oxidation reactions will be presented and discussed.
Non-PGM single component nanoarray catalysts
Development of noble metal-free monolithic catalysts with decent low temperature oxidation activity has been of sufficient significance and interest. Cobalt-based [89] . ii SEM images and XRD pattern of porous CeO 2 nanowire arrays. Reprinted with permission from Ref. [90] . iii a Photograph of a 3D cordierite honeycomb substrate. SEM images of b, c CeO 2 -ZnO composite nanoarrays before removing the ZnO template and d, e CeO 2 nanotube arrays after removing the ZnO template. Reprinted with permission from Ref. [19] oxides have been explored as more cost-effective materials compared to noble metal integrated catalysts for various oxidation applications. So far, we have prepared monolithic Co 3 O 4 nanoarrays using different cobalt prec u r s o r s , s u c h a s c o b a l t a c e t a t e t e t r a h y d r a t e (Co (C Figure 5a-c show the SEM images of prepared Co 3 O 4 nanoarrays. The X-ray diffraction patterns in Fig. 5d confirm that all three types of nanowire arrays prepared from different cobalt precursors correspond to Co 3 O 4 . As shown in Fig. 5e , the Co 3 O 4 nanoarrays prepared from nitrate and acetate exhibit good NO oxidation performance, achieving 80% NO to NO 2 conversion at the temperature below 300°C, comparable to the platinumgroup metal (PGM) catalysts. Moreover, the NO oxidation activity of nanoarrays was found to be better than that of the powder form catalyst prepared using the same hydrothermal process. The better catalytic performance of nanoarrays is attributed to the facilitated diffusion and gas-solid interaction by the larger surface area and ordered arrangement of nanoarrays. Co 3 O 4 nanoarrays synthesized from cobalt acetate tetrahydrate and cobalt nitrate hexahydrate exhibit the highest NO oxidation conversion at relatively lower temperatures. Overall, the prepared Co 3 O 4 nanoarray-based catalysts have demonstrated excellent low temperature NO oxidation (and NO 2 formation) activity, which can greatly benefit the selective catalytic reduction (SCR) and NO x storage and reduction (NSR) processes for NO x abatement.
Non-PGM single component nanoarray catalysts with guest atom incorporated
Introduction of the guest atoms into the nanoarray structure is an effective way to modify the chemical composition of the nanoarray, therefore, improving the catalytic activity of the whole catalysts in low temperature oxidation.
As an example, Ni was doped into the Co 3 O 4 lattice for enhanced catalytic propane oxidation activity. The first-principle calculations have shown that incorporation of Ni into the spinel Co 3 O 4 lattice could facilitate the interaction between hydrocarbons and lattice oxygen [84] . The SEM images in Fig. 6a, b (Fig. 9d ). An interplanar spacing of 0.32 nm is clearly imaged corresponding to the (1 1 0) plane of rutile phase TiO 2 . CO oxidation experiments over TiO 2 /LSMO composite nanorod array and individual TiO 2 nanorod array were performed and shown in Fig. 9e . The onset oxidation temperature of TiO 2 /LSMO composite nanorod arrays is 330°C, 90°C lower than that of TiO 2 nanorod array. Moreover, TiO 2 /LSMO composite nanorod array achieves 100% CO conversion at about 400°C, whereas the maximum CO conversion over the TiO 2 nanorod array is only 20% at the temperature of about 450°C. It is clear that the LSMO component of the composite nanorod array catalyst promotes the CO oxidation.
Besides the TiO 2 /LSMO composite nanorod array catalysts, we have also developed ZnO/perovskite composite nanorod array catalysts. The cross-section views of ZnO nanorod arrays rooted on monolithic substrate, and the derived ZnO/LaMnO 3 (ZnO/LMO), ZnO/LaCoO 3 (ZnO/LCO), and ZnO/LaNiO 3 (ZnO/LNO) core-shell nanorod arrays are shown in Fig. 10a-d . Propane oxidation was performed to evaluate the oxidation activities of these catalysts. As shown in Fig. 10e , compared to the ZnO nanoarray catalyst, the ZnO/ perovskite composite catalysts demonstrate much lower lightoff temperatures, indicating enhanced catalytic activities of ZnO/perovskite catalysts. Comparing the three types of ZnO/perovskite nanoarray-based catalysts, ZnO/LCO catalyst shows the best catalytic activity at relatively low temperatures, whereas ZnO/LNO displays highest propane conversion at about 650°C. . Reprinted with permission from Ref. [91] 3.4 Pt-loaded nanoarray-based catalysts Platinum has been integrated in the nanoarray-based catalytic system for further promoting its oxidation activity. In our previous study, the Pt nanoparticles were loaded onto nanoarrayrooted monoliths by dip deposition of colloid Pt nanoparticles made from thermal decomposition of Pt-containing hydrochloride salts [18] . TEM characterizations of Pt/ZnO nanorod, Pt/TiO 2 nanorod, Pt/CeO 2 nanotube, and Pt/Co 3 O 4 nanowires are shown in Fig. 11a-d . The Pt nanoparticles of ∼2 nm are well-dispersed on the nanowires with the Pt {1 1 1} atomic planes exposed, identified by the inset HRTEM images. Figure 11e illustrates the catalytic CO oxidation performance of the hydrothermally grown monolithic nanoarrays loaded with Pt nanoparticles (1 wt% on nanoarrays) 
Low temperature diesel oxidation nanoarray catalysts under simulated exhaust conditions
Searching for more efficient autocatalysts with good low temperature activities for oxidations over CO and HCs such as alkenes and alkanes, two major strategies have been being pursued lately, i.e., traditionally formulated particulate washcoat-based and nanoarray-based monolithic catalysts. To prove the effectiveness and promises of the catalysts being studied for practical applications, the latest research and development have been actively pursuing simulated engine exhaust testing performance over these monolithic autocatalysts.
Lately Toops et al. have been working on a so-called "CCC" formulated mixed-oxide-based catalyst. CCC is a ternary oxide catalyst composed of nanocrystalline regions of Co 3 O 4 and CeO 2 with CuO x dispersed throughout the sample and is synthesized by simple coprecipitation method in aqueous solution. In a previous report, this catalyst was able to achieve l ow temperature CO oxidation acti vit y (1000 ppm CO + 500 ppm C 3 H 6 + 300 ppm C 3 H 8 + 300 ppm NO + 300 ppm H 2 + 14% O 2 + 5% CO 2 + 10% H 2 O + N 2 balance) over degreened catalysts (5% CO 2 + 10% H 2 O + 14% O 2 + N 2 balance at 600°C for 4 h) Fig. 8 Comparison of CO, C 3 H 6 , and C 3 H 8 T 50% and T 90% conversions for Co 3 O 4 and Ni 0.5 Co 2 . 5 O 3 (NiCo 5 ) nanoarray core catalysts at a GHSV ∼107,000 h −1 (1000 ppm CO + 500 ppm C 3 H 6 + 300 ppm C 3 H 8 + 300 ppm NO + 300 ppm H 2 + 14% O 2 + 5% CO 2 + 10% H 2 O + N 2 balance) over degreened catalysts (T 50 ≈ 160°C) in a complex simulated exhaust gas stream while showing no inhibition due to the presence of propene [95] . Since their report, the CCC catalyst has been challenged with two new simulated exhaust formulation. Their results and details of their gas mixtures are shown in Fig. 12 .
The first is an "in-house" method developed to also include propane as a more non-reactive hydrocarbon and continues to show no change in the CO oxidation performance of CCC. The second is a much more strenuous test developed by the advanced combustion and emissions control (ACEC) Technical Team dubbed the "LTC-D" protocol in conjunction with automakers. Unlike previous in-house tests, this evaluation requires a degreening at a higher temperature (700°C), a much more complex gas stream, and a significant increase in space velocity over this catalyst. Evidently, utilizing the LTC-D protocol leads to a slight loss in CO oxidation activity at lower conversions and a large loss at higher conversions. The former is explained by the 700°C degreening process, a temperature at which CCC has previously shown slight activity loss [96] . The latter can possibly be explained by mass . Reprinted with permission from Ref. [92] Fig. 10 SEM cross-section view of a ZnO nanorod arrays rooted on monolithic cordierite substrate, b ZnO/LMO, c ZnO/LCO, and d ZnO/LNO core-shell nanorod array catalysts. Scale bars in SEM images are 1 μm. e Propane oxidation over ZnO and ZnO/ perovskite nanoarray catalysts. Experiments were performed with 1% propane and 8% O 2 under the space velocity of ∼56,000 h −1 . Reprinted with permission from Ref. [93] diffusion limitations at such high space velocity. While the CO oxidation performance over CCC still shows promise, perhaps with increased catalyst surface area, these tests further serve to highlight the complex and strenuous nature of realistic exhaust testing on powder samples.
Using the nanoarray-based monolithic catalysts such as TiO 2 /Pt, as shown in Fig. 13a , promising alkene and CO oxidation performance have been achieved under conventional clean diesel combustion (CDC) exhaust condition. The reactor gas flow was adjusted to achieve a space velocity of either 30,000 or 60,000 h −1 . The gas composition used was modeled after a simulated conventional diesel combustion (CDC) gas stream, i.e., 12% O 2 , 500 ppm CO, 200 ppm NO, 389 ppm C 2 H 4 , 155.7 ppm C 3 H 6 , 51.7 ppm C 3 H 8 , 6% CO 2 , 100 ppm H 2 , and 5% H 2 O. The catalyst was first heated to a stabilized starting temperature of 70°C and then ramped to 500°C at a rate of 2 or 5°C/min, then cooled back to 70°C at roughly the same rate. This procedure was repeated up to three times to confirm activity, very little change was noted between individual runs. Initial FTIR testing results (Fig. 13b) of the CDC protocol runs at 60,000 h −1 on the Pt/TiO 2 sample showed very good activity (with T 90 < 200°C) for CO, propene, and ethene, but poor propane oxidation activity which was due to the possible suppression effect from oxygen coverage competition with HCs on the catalytic active sites under low propane/oxygen concentration ratio revealed in our probe reaction study, which is consistent with recent report on Pt/Al 2 O 3 washcoated catalysts [97] .
Origin of enhanced oxidation activity
In this section, we will focus on explaining the low temperature catalytic activities of the nanoarray-based catalysts. The key structural parameters of the nanoarray-based catalysts as well as the surface chemistry will be correlated with the oxidation activities. We hope the discussion here could elucidate the structure-performance relationship in nanoarray catalysis and provide some insightful guidance of rational nanoarray catalyst design.
Exposure of high activity crystal facet
It has been widely reported the nanocrystals with different controlled geometry exhibit different dominant . Reprinted with permission from Ref. [18] Fig. 12 Light-off curves for CO (line), propene (triangle), and propane (square) over CCC catalyst tested under in-house (black) and ACEC LTC-D (red) protocols. Simulated exhaust gas mixtures and space velocities indicated on the right crystal planes, contributing to different catalytic activities. For example, the nanowire arrays with well-defined geometry and orientation, such as Co 3 O 4 nanosheets, nanobelts, and nanocubes, were successfully prepared by the hydrothermal process, and characterized by the HRTEM, shown in Fig. 14a-c . The dominant exposed planes of Co 3 O 4 nanosheets are {112}, which are the only planes normal to both the set of (220) planes with a lattice space of 0.28 nm and the set of (222) planes with a square crossing lattice space of 0.23 nm. The Reprinted with permission from Ref. [98] dominant-exposed planes of Co 3 O 4 nanobelts and nanocubes are {011} and {001}, respectively.
The calculation of the area of adjacent four brown spheres of the {001}, {011}, and {112} planes is (1/2)a 2 ,(√2⁄2)a 2 , and (√3⁄2)a 2 , respectively, suggesting the {112} plane is more open than the {001} and {011} planes, resulting in a more reactive surface (Fig. 14d) . This is further verified by methane oxidation p e r f o r m a n c e o f t h e d i ff e r e n t l y s h a p e d C o 3 O 4 nanocrystals. As shown in Fig. 14e , the Co 3 O 4 nanosheets are more active than Co 3 O 4 nanobelts and nanocubes. The methane combustion catalytic activity of crystal planes follows the order {1 1 2} > {0 1 1} > > {0 0 1}. This clearly illustrates that the geometric shape and the corresponding dominant crystal planes are key factors for the oxidation activity.
Another example regarding the effect of different crystal planes on the NO oxidation activity can be found with the Co 3 O 4 nanoarrays made from cobalt acetate (CA), cobalt nitrate (CN), and cobalt chloride (CC) [82] . As summarized in Table 2 , CA and CN exhibit similar NO conversion performance better than CC. The relatively good catalytic oxidation performance of CA and CN, compared to CC, is attributed to more abundant {220} planes, reflected by the higher relative intensity of {220} in X-ray diffraction (XRD). {220} planes mainly contain Co 3+ ions, which are active sites for catalytic NO oxidation. The higher quantity of Co 3+ ions in CA and CN has been verified by examining the ratio of Co 3+ /Co 2+ on the catalyst surface using X-ray photoelectron spectroscopy (XPS). Larger surface areas as a result of reduced grain sizes in these materials could also promote the reaction rate, which will not be discussed in details in this review. 
Increased oxygen vacancy by guest atom doping
The catalytic activity of nanoarray-based monolithic catalysts can also be modified by the guest atom doping and the corresponding defects change. Figure 15a shows the catalytic methane oxidation performance of pristine and doped Co 3 O 4 nanoarrays. The Co 3 O 4 nanoarrays doped with Ni exhibit better oxidation activity at low temperatures than the pristine Co 3 O 4 nanoarrays and can achieve complete CH 4 combustion below 600°C. The increased Ni doping concentration is able to further promote reaction kinetics and lower the temperature for complete CH 4 conversion. It was proved by both DFT calculation on the dominant exposed {1 1 0} planes of the porous M 0.5 Co 2.5 O 4 (M = Co, Ni) nanowires and Raman spectroscopy analysis (Fig. 15b) that Ni atoms take the octahedral Co sites in the spinel lattice, providing an active site for -CH 3 adsorption, which facilitates the oxidation of CH 4 . Moreover, the occupation of octahedral Co (Co 3+ ) sites by Ni also leads to the loss of positive charges. Such charge loss is compensated by the formation of oxygen vacancy in order to maintain the charge neutrality. XPS spectra in Fig. 15c , therefore, reveal the deconvoluted O 1 s signals and indicate defective oxygen population increases as the Ni concentration is increased. The rich oxygen defects on the surface are believed to enhance the surface lattice oxygen mobility, and further promote C-H activation and reaction kinetics. However, it should be noted that Ni substitution does not change CO adsorption energy from DFT calculation [84] , but the deficiency in surface lattice oxygen leads to slower CO 2 formation and desorption during CO oxidation Reprinted with permission from Ref. [18] ( Fig. 7a) . Similar promotion effect by foreign atoms has been reported by other research groups as well. For example, Feng and co-workers directly grew Co 3 O 4 nanowire arrays on stainless steel mesh substrate by ammonia-evaporation-induced growth [99] . The addition of Cu 2+ was found to enhance the catalyst activity in methane oxidation.
Array size and size-assisted active species loading
Developing nanoarray composites by integrating a "shell" of PGM-free components is an efficient and cost-effective way to enhance the catalytic oxidation performance of the nanoarray-based catalysts. Perovskite-based catalysts have drawn much attention due to their catalytically active redox property in the oxidation of CO and reduction of NO in the industrial air purification and vehicular exhaust treatment [100] [101] [102] [103] . In the past few decades, perovskite-type materials, especially lanthanum-based oxides have been widely investigated as catalysts for nitric oxides removal, hydrocarbons oxidation, and soot oxidation due to their good catalytic activity and thermal stability [104] . However, the current synthetic approaches usually yield powder-form perovskite catalysts with low surface area which even suffers severe decrease after hydrothermal aging. For example, the surface area of LaMnO 3 catalyst drops from 21.8 to 5.0 m 2 /g after hydrothermally aged at 800°C for 12 h [105] . Although perovskite-based catalysts have shown great promise for nitric oxides removal, low temperature combustion of hydrocarbons upon them is still a severe challenge. For example, the Pd-incorporated La 0.9 Sr 0.1 CoO 3 shows a T 50 of 340°C while Al 2 O 3 has been used as support to improve the surface area [106] . As stated earlier, 3D nanoarray integrated monolithic catalysts have displayed promising catalytic activities and greatly reduced materials usage, holding a great promise towards new generation of highly efficient monolithic catalysts. The hydrothermal-based integration approach of metal oxides nanoarray on 3D substrate provides a platform to fabricate delicate perovskite nanoarray architectures, which can be used to tune the low temperature activity and improve the hydrothermal tolerance of perovskite catalysts. As an example here, a series of ZnO/perovskite core-shell nanorod array-based monolithic catalysts have been developed for low temperature propane oxidation. The SEM images from the top view and cross-sectional view of ZnO/LMO core-shell nanorod arrays are shown in Fig. 16a, b . The nanorod array displays a length of ∼1.5 μm and a diameter of 150-200 nm.
Energy dispersive X-ray spectroscopy (EDS) confirmed the successful loading of perovskite nanoshell, shown in Fig. 16c . Figure 16d shows the dark field image of a ZnO/ LMO nanorod. The randomly distributed bright dots suggest LMO nanoparticles dispersed on ZnO nanorod. As shown in Fig. 16e , compared to the LMO washcoated catalyst (array size = 0 μm), the ZnO/LMO nanoarray-based catalyst (array size = 1.5 μm) shows a ∼25°C lower light-off temperature with the reduced activation energy from 274.1 (LMO) to 230.6 kJ/mol (ZnO/LMO). The improved activity may be attributed to good dispersion of LMO nanoparticles upon ZnO nanorod array, leading to better gas-solid interaction during the oxidation reaction. Moreover, the interfaces between LMO nanoparticles and ZnO nanorods support may also play an important role in improving LMO/ZnO catalytic performance [107] , which needs further verification.
The size of the nanoarray-based monolithic catalysts can further be tuned for enhancing catalytic activity of loaded active species. Here, Pt-loaded ZnO nanoarrays are used as examples to illustrate how the array size can be adjusted and assist Pt dispersion in the catalyst system. We have successfully increased the length of ZnO nanowires from 1 to 5 μm by continuous growth with additional cycles. Figure 17a , b show the SEM images of ZnO nanoarrays of different lengths. The same amount of Pt nanoparticles was loaded onto these two nanoarray systems. In the light-off curves shown in Fig. 17c , it is clearly seen that Pt nanoparticles anchored on longer ZnO nanowires exhibit better activity and achieve complete CO conversion at a lower Fig. 18 a Catalytic performance and b temperature-programmed desorption of O 2 of ZnO/LaBO 3 (B = Co, Ni, Mn) core-shell nanorod array-based catalysts in propane oxidation. Reprinted with permission from Ref. [93] temperature. This means that the catalytically inactive ZnO nanostructure of greater length as a support provides a better platform (surfaces and interfaces) for Pt dispersion, compared to the shorter one. Overall, the nanoarray-based catalysts have shown strong structure-property correlations. The adjustable nanoarray size opens up new ways of tuning the performance of the active species integrated catalysts.
Synergy effect of metal oxide in composite nanoarrays
As has been discussed, nanoarrays have been used as efficient catalyst supports for loading active species, such as Pt and perovskite. The dispersion of the active species on the arrays and interaction between the active species and the arrays have been identified to impact the oxidation performance of the nanoarray-based catalysts. Besides these factors, the active species on the nanoarrays can also follow the oxidation chemistry of their own. For example, in the ZnO/perovskite nanoarray composite, perovskite acts as the active species, enhancing the catalytic propane oxidation. As shown in Fig. 18a , different types of ZnO/perovskite nanoarray-based monolithic catalysts, such as ZnO/LaMnO 3.5 (ZnO/LMO), ZnO/LaCoO 3 (ZnO/LCO), and ZnO/La 2 NiO 4 (ZnO/LNO), exhibit different propane oxidation activities. ZnO/LCO shows the best catalytic activity throughout the temperatures studied, with the reaction initiated at 350°C, whereas the ZnO/LNO and ZnO/LMO catalysts start the oxidation reaction at ∼400°C. The oxidation activity of ZnO/LMO is higher than that of ZnO/LNO.
Oxygen evolution was studied and found to contribute to the best catalytic performance of the ZnO/LCO. T h e st u d y w as p e r f o r m e d u s i ng te m p e r a t u r eprogrammed desorption of oxygen (O 2 -TPD). As shown in Fig. 18b , two peaks were identified and assigned to α and β oxygens in perovskite materials. α Oxygen is desorbed at a low temperature of 300-600°C, reflecting the amount of surface oxygen vacancy, whereas β oxygen is desorbed at a higher temperature (>600°C), strongly associated with oxygen mobility in bulk [108] . Compared with ZnO/LNO and ZnO/LMO, ZnO/ LCO TPD possesses a broader peak at a relatively low temperature of 300°C, indicating that the quantity and activity of the oxygen species adsorbed on the surface vacancies of ZnO/LCO are greater than those of the other two perovskites. The activity of surface lattice oxygen is in the sequence of ZnO/LCO > ZnO/ LMO > ZnO/LNO, which corresponds to the catalytic activity observed in Fig. 18a . This agrees with the Mars-Van Krevelen mechanism that the surface lattice oxygen reacts with reactant molecule, leaving an oxygen vacancy on the surface of the catalysts, and then the vacancy is refilled by oxygen in the gas phase or the bulk [109] .
Summary and perspectives
In summary, this review has focused on presenting the current status of development of nanoarray-based monolithic catalysts, demonstrating their excellent performance in diesel oxidation and explaining the performance observations with the structural insights and surface chemistry. We started with introducing the advantages of applying nanoarray-based catalysts for overcoming the existing challenges associated with the washcoated monolithic catalysts in low temperature diesel oxidation. In the later context, we showed the fabrication and characterization of some typical nanoarrays, including ZnO, Co 3 O 4 , TiO 2 , and CeO 2 . Scale-up synthesis of the nanorod arrays through a continuous flow process was also introduced. These nanoarrays were further modified and categorized as nonprecious single component nanoarray catalysts, nonprecious single component nanoarray catalysts with guest atom incorporated, nonprecious composite nanoarray catalysts, and Pt-loaded nanoarray-based catalysts. The performance of these catalysts were examined experimentally with model compounds relevant to diesel engine emissions, such as CO, NO, and small hydrocarbons. For demonstration, we have showed that the nanoarray-based catalysts have greater activities than the powder washcoat catalysts in CO, CH 4 , NO, and propane oxidation. At last, the key structural parameters that affect the low temperature catalytic activities of the nanoarray-based catalysts were explained and discussed. Specifically, (1) geometric shape and crystal planes, (2) guest atom doping and defects, (3) array size and size-assisted active species loading, as well as (4) the synergy effect of metal oxide in composite nanoarrays were correlated with the oxidation activities. Overall, integration of the tunable nanoarray structure in the monolithic catalyst system could lead to highly efficient oxidation catalysts, with well-defined structure and greatly enhanced diesel oxidation activity. Compared with the non-array monolithic catalysts, the major advantages of the nanoarray-based monolithic catalysts in terms of enhancing low temperature oxidation activity are summarized as follows:
& Well-defined catalyst structures for better understanding of the structure-property relationship of the catalyst & Adjustable nanostructure shape, size as well as chemical composition, leading to designable and predicted catalytic activity & Good platform for dispersing and distributing the active species, and potentially enhancing the activities of the whole catalyst system due to platform-active species interaction and interface
It is worth pointing out that although key structural parameters, such as shape and size, have been discussed and used to explain the catalytic performance, there are still a few aspects that prevent us from fully understanding the science behind the good low temperature diesel oxidation performance. For example, in the ZnO/LMO nanoarray composite, the interfaces between LMO nanoparticles and ZnO nanorods support may also play an important role in improving the catalytic performance. Moreover, the gas-solid interaction which determines the reaction kinetics in the nanoarray configuration needs to be better understood.
In the future, we will continue improving the low temperature activities of the nanoarray-based monolithic catalysts. Based on the current understanding, some approaches are proposed as follows:
& Mechanistic investigation and understanding of the effect of the interfaces between the active species and the array support, and the gas-solid interaction during the oxidation reaction & Improvement of synthesis approaches and conditions for the existing nanoarrays, such as CeO 2 nanoarray, as well as exploration of new nanoarray materials & Tuning and optimizing the nanoarray structural parameters, such as the exposed crystal planes and array size & Integration of new guest atoms and active species in the nanoarray catalyst system
